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© A method of producing a Czochralski-grown sili- 
con single crystal stably and efficiently with high 
production yield, which comprises the steps of set- 
ting pulling conditions such that at least a portion of 
a growing silicon single crystal (28) having a tem- 
perature in excess of 1150'C is spaced upwardly 
from a surface of silicon melt (14) by a distance 
greater than 280 mm; and pulling the growing silicon 
single crystal (28) upward while maintaining the pull- 
ing conditions. The silicon single crystal produced 
by this method has an excellent oxide film dielectric 
breakdown strength. An apparatus (2) for carrying 
out the method is also disclosed. 



F I G I 




EP 0 504 837 A2 2 



The present invention relates to a method of 
and an apparatus for producing a silicon single 
crystal having an excellent dielectric breakdown 
strength of the silicon oxide film formed thereon 

It is well known m the art that a silicon single 
crystal grown by a pulling method commonly 
called the Czochralski (CZ) method is produced by 
an apparatus which comprises a mam chamber 
having a side wall and a top wall disposed on an 
upper end of the side wall and having an open 
central portion extending upwardly so as to form a 
neck portion at an upper end of the mam chamber, 
a quartz crucible disposed in the main chamber 
with a heater and a thermal shield disposed be- 
tween the quartz crucible and the side wall of the 
mam chamber, and a gate valve, a pull chamber 
and a crystal pulling mechanism that are disposed 
above the neck of the main chamber for pulling a 
growing silicon single crystal from a silicon melt 
retained in the quartz crucible It is also known that 
single crystal wafers (CZ wafers) prepared from the 
Czochralski-grown silicon single crystal have an 
oxide film dielectric breakdown strength which is 
much smaller than that of single crystal wafers (FZ 
wafers) prepared from a silicon single crystal 
grown by the float-zone (FZ) method and wafers 
(epitaxial wafers) with a silicon film grown by epi- 
taxy on a single crystal substrate prepared by the 
CZ method However, due to various advantageous 
features, the CZ wafers are widely used as a 
material for fabricating electronic devices. In recent 
years, with an increase in degree of integration of 
MOS devices, a demand for a MOS device having 
a highly reliable gate oxide film had increased. 
Since the reliability of the gate oxide film is influ- 
enced very much by the oxide film dielectric break- 
down strength, there *s a great need for a CZ *afer 
having an excellent oxide film dielectric breakdown 
strength. 

To meet the foregoing demand, an attempt has 
been proposed, as disclosed in Japanese Patent 
Laid-open Publication No. 2-267195. According to 
the disclosed prior attempt, a CZ wafer having an 
excellent oxide film dielectric breakdown strength 
can be produced by controlling the pulling rate 
(i.e., the crystal growth rate) of a silicon single 
crystal below 0.8 mnvmin. 

The prior attempt is, however, not fully satisfac- 
tory because the silicon single crystals produced at 
the pulling rate 0.8 mm/mm may have an insuffi- 
cient oxide film dielectric breakdown strength, in 
addition, such a low pulling rate which is smaller 
than the conventional pulling rate of about 1.2 
mm/min brings about a substantial reduction in 
productivity and a substantial increase in manufac- 
turing cost of the silicon single crystal. 

With the foregoing drawbacks of the prior art in 
view, it is an object of this invention to provide a 



method by which a Czochralski-grown silicon single 
crystal having an excellent silicon oxide film dielec- 
tric breakdown strength can be produced stabfy at 
a high production yield and which is able to im- 

5 prove the productivity of the silicon single crystal. 

Another obiect of the present invention is to 
provides an apparatus for carrying out the method. 

According to the present invention, there is 
provided a method of producing a silicon single 

10 crystal grown by Czochralski method, which com- 
prises the steps of: setting pulling conditions such 
that at least a portion of a growing silicon single 
crystal having a temperature in excess of 1 1 50 * C 
is spaced upwardly from a surface of silicon melt 
by a distance greater than 280 mm. and pulling the 
growing silicon single crystal upward while main- 
taining the pulling conditions. 

When the portion of the growing silicon single 
crystal having a temperature above 1 1 50 * C has a 

2c length smaller than 280 mm. the grown silicon 
single crystal has an insufficient silicon oxide film 
dielectric breakdown strength. 

It is preferable that in combination with the 
control of thermal conditions of the growing silicon 

25 single crystal, the pulling rate >s set m the range of 
0.8 - 2 mm mm. This combination increases the 
oxide film dielectric breakdown strength and pro- 
ductivity of the silicon single crystal. A pulling rate 
(i.e.. a crystal growth rate) less than 0.8 mm min 

;c lowers the productivity of the silicon single crystal. 
Conversely a pulling rate greater than 2 mm mm 
may affect the oxide film dielectric breakdown 
strength 

The method of this invention is carried out by 

35 an apparatus of the type including: a main chamber 
having a side wall and an upper wall disposed on 
an upper end of the side wall, the upper wall 
having an open central portion extending upwardly 
so as to form a neck portion at an upper end of the 

4c mam chamber; a quartz crucible disposed m the 
mam chamber, with a heater and a thermal shield 
disposed between the quartz crucible and the side 
wall of the main chamber in the order named; and 
a gate valve, a pull chamber and a crystal lift 

us mechanism that are disposed above the neck por- 
tion of the main chamber in the order named for 
pulling a growing silicon single crystal upward from 
a silicon melt retained in the quartz crucible, 
wherein the improvement comprises: a heat insula- 

50 tor disposed in the main chamber for keeping the 
temperature of an upper part of a hot zone defined 
by and between an upper portion of the side wall 
and the upper wall. 

More specifically, the heat insulator extends 

55 between a lower end of the neck portion of the 
main chamber and an upper end of the thermal 
shield. From the viewpoint of the heat insulating 
efficiency, a heat insulator having a dome-like 
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shape is preferable. The heat insulator preferably 
has a composite structure composed of a graphite 
and a heat-msulating material. The graphite con- 
stitutes an inner lining of the heat-insulating ma- 
terial. 

The heat insulator may be replaced by a sec- 
ond heater which is disposed above the first-men- 
tioned heater for heating the growing silicon single 
crystal. 

Furthermore, in combination with the heat in- 
sulator disposed m the upper part of the hot zone, 
or alternatively with the second heater, a purge 
tube depending from a lower end of the neck may 
be provided for increasing the temperature gradient 
of only a portion of the growing silicon single 
crystal located near the silicon melt surface. With 
the purge tube thus provided, the pulling rate can 
be increased by 20 • 50% . 

The above and other objects features and ad- 
vantages of the present invention will become 
manifest to those versed in the art upon making 
reference to the detailed description and the ac- 
companying sheets of drawings in which preferred 
structural embodiments incorporating the principles 
of the present invention are shown by way of 
illustrative examples. 

FIG. 1 is a diagrammatical fragmentary front 
elevational view showing the internal construc- 
tion of an apparatus for producing a Czochralski- 
grown silicon single crystal according to a first 
embodiment of this invention; 
FIG. 2 is a view similar to FIG. 1, but showing 
the internal construction of an apparatus accord- 
ing to a second embodiment of this invention; 
FIG. 3 is a view similar to FIG. 1, but showing 
the internal construction of an apparatus accord- 
ing to a third embodiment of this invention: 
FIG. 4 is a graph showing the relationship be- 
tween the distance from a silicon melt surface 
and the temperature of a silicon single crystal; 
FIG. 5 is a graph showing the relationship be- 
tween the crystal growth rate and the wave mark 
density; 

FIG. 6 is a graph showing the relationship be- 
tween the wave mark density and the percent 
non-defective of oxide film having a dielectric 
breakdown strength in excess of 8 MV/cm; 
FIG. 7 is a graph showing the relationship be- 
tween the crystal growth rate and the percent 
non-defective of oxide film having a dielectric 
breakdown strength in excess of 8 MV/cm; and 
FIG. 8 is a graph showing the relationship be- 
tween the heat treatment temperature and the 
wave mark density. 
The present invention will be described below 
with reference to certain preferred embodiments 
illustrated in the accompanying drawings. 

Referring now to the drawings, wherein like 
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reference characters designate like or correspond- 
ing parts throughout the several views. FIG. 1 
shows an apparatus 2 for producing a silicon single 
crystal grown by Czochralski (CZ) method accord- 

5 ing to a first embodiment of this invention. 

The apparatus 2 includes a mam chamber 6 
having a reduced diameter portion or neck 4 at its 
upper end The main chamber 6 has an annular 
side wall 6a and an upper wall 6b disposed on an 

w upper end of the side wall 6a. The upper wall 6b 
has an open central portion extending upwardly to 
form the neck portion 4 of the main chamber 6. A 
pull chamber (not shown) is disposed above the 
main chamber 6 with a gate valve 8 disposed 

is therebetween. Disposed above the pull chamber is 
a crystal pulling mechanism (not shown) for pulling 
a growing silicon crystal 28. The pull chamber and 
the crystal pulling mechanism are known in the art 
and, hence, description and illustration thereof can 

20 be omitted. 

The mam chamber 6 receives therein a quartz 
crucible 12 rotatably supported by a vertical sup- 
port shaft to. The quartz crucible 12 contains a 
melt t4 of polycrystalline silicon. The quartz cru- 

25 cibie 12 is heated by a heater 14 disposed around 
the quartz crucible 12. The heater 14 surrounded 
by a thermal shield 18 extending along an inside 
surface of the side wall 6a of the main chamber 6. 
The top wall 6b of the main chamber 6 is provided 

30 with a view port 22 for enabling observation of the 
interior of the main chamber 6. The main chamber 
6 as a whole has a water jacket structure to prevent 
undue temperature rise. 

A pulling means comprising a pull shaft 24 

35 extends vertically downward from the crystal lift 
mechanism through the pull chamber into the mam 
chamber 6. A seed crystal 26 is attached to a 
forward end of the pull shaft 24. The pull shaft 24 
is vertically movable to dip the seed crystal 26 into 

40 the silicon melt 14 and then gradually pull the seed 
crystal 26 upwardly from the silicon melt 14 while 
rotating the seed crystal 26. so that a silicon single 
crystal 28 grown by the CZ method is produced. 
The pull shaft 24 may be replaced by a flexible 

45 pulling means such as a pull wire. 

Reference character H designates a hot zone 
extending above the silicon melt 14 in the quartz 
crucible 12. The hot zone H is surrounded by an 
upper portion of the side wall 6a and the upper wall 

so 6b of the main chamber 6. The main chamber 6 
has an exhaust hole E connected with a 'vacuum 
pump (not shown). The exhaust hole E is used for 
exhausting an inert gas filled in the main chamber 
6 and controlling the pressure of the inert gas. 

55 The apparatus 2 further includes a heat insula- 

tor 30 for keeping the temperature of an upper part 
of the hot zone H. The heat insulator 30 has a 
composite structure composed of a graphite 32 
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and a heat-insulating material 34 such as a carbon 
fiber heat-insulator sold under the tradename 
"KURECA" manufactured by Kureha Chemical In- 
dustry Co.. Ltd. The graphite 32 constitutes an 
inner lining of the heat-insulating material 34. The 
heat insulator 30 has a dome-like shape and ex- 
tends between a lower end of the neck portion 4 
and an upper end or an upoer end extension 18a 
of the thermal shield plate 18 to interconnect the 
neck portion 4 and the thermal shield plate 18. The 
heat insulator 30 nas a view hole 36 aligned with 
the view port 22 for the purpose of observing the 
interior of the mam chamber 6 

The shape of the heat insulator 30 is net limit- 
ed to the dome-like shape. The heat insulator 30 
may be formed m a cup-like shape comcosed of a 
vertical portion extending along the inside surface 
of the side wall 6a. and a horizontal pomcn lying 
over an inside surface of the top wall 6b. 

The dome-like heat insulator 30 serving as 
means for keeping the temperature of the upper 
part of the hot zone H. may be repiacec by a 
second heater 38 for heating the growing silicon 
single crystal 28, as shown in FIG. 2. The second 
heater 38 is disposed above the heater 16 (mam 
heater) for heating the quartz crucible 12. 

It is preferable that the apparatus further in- 
cludes a purge tube 40 {FIG. 3) which may be 
provided m combination with the domelike heat 
insulator 30 shown in FIG. 1. or alternatively m 
combination with the second heater 38 shown m 
FIG. 2. As indicated by the phantom lines shewn m 
FIG. 3. the purge tube 40 depends from a lower 
end of the neck portion 4 so as to cover a portion 
of the growing silicon single crystal 28 located 
adjacent to the melt surface for increasing the 
temperature gradient only of this portion of the 
growing silicon single crystal 28. With the purge 
tube 40 thus provided, the pulling rate can be 
increased by 20 - 50%, without affecting the cxtce 
film dielectric breakdown strength. 

The invention will be further described by way 
of the following examples which should be con- 
strued as illustrative rather than restrictive. 

Comparative Example 

A silicon single crystal grown by Czochralski 
(CZ) method was pulled under the following con- 
ditions by using a conventional CZ equipment. 
During the pulling process, the silicon single crystal 
was removed from a furnace. After a platinum- 
rhodium platinum thermocouple was embedded in 
the removed silicon single crystal, the temperature 
distribution of a portion of the silicon single crystal 
extending upwardly from the silicon melt surface 
was measured. The results obtained are shown in 
FIG. 3. As indicated by the broken line (Prior Art) 



shown m FIG. 3. a portion of the growing silicon 
single crystal having a temperature ranging from 
1150 to 1420 'C (i.e.. the melting point of silicon) 
had a length (equal to the distance from the melt 
s surface) not greater than 280 mm. Using the same 
CZ equipment, the pulling rate (crystal growth rate) 
was changed within the range of 0.4 - 1 .6 mm/mm 
to form various samples of silicon single crystal. 
The samples were processed into silicon wafers by 
to effected the same machining processes and 
chemical polishing as done in the fabrication of 
commercial silicon wafers of 600 • 700 urn thick. 

The silicon wafers were inspected to determine 
the defect density and the oxide film dielectric 
is breakdown strength in conjunction with the crystal 
growth rate (pulling rate). The results obtained are 
shown in FIGS 5 - 7. 

For inspecting the defect density, each wafer 
was etched for 30 mm by a preferential etching 
20 method [2 g: K z Cr : 07. 30 mL; H : 0 100 mL: HF. 
Secco'd Aragona. ■ J Electrochem. Soc 119. 948 
(1972)]. Using an optical microscope, defects ap- 
pearing on the etched wafer as wave patterns or 
marks were counted by visual inspection. 
25 For evaluating the oxide film dielectric break- 

down strength. 100 pieces of devices were fab- 
ricated in each silicon wafer Each of the devices 
had a polysilicon gate having an area of 8 mm 2 , 
and a 250 a oxide layer formed by oxidation at 
30 900* C for 100 mm m dry oxygen atmosphere. A 
dielectric breakdown test was made for each de- 
vice and a device whose oxide layer having a 
dielectric breakdown strength greater than 8 
MVcm was evaluated as a non-defective device. 
35 Then, a percentage of the non-defective devices 
was given as representing the oxide film dielectric 
breakdown strength. 

The relation between the crystal growth rate 
and the density of wave marks counted as speci- 
40 fied above with respect to the silicon wafers ac- 
cording to the Comparative Example is shown m 
FIG. 5. As evidenced from the distribution of circles 
(Prior Art) shown in FIG. 5. the wave mark density 
is 20 pieces-cm 2 when the pulling rate is as low as 
45 0.4 mm/mm. On the other hand, at the pulling rate 
exceeding 1 mm/min. the wave mark density is 
increased to more than 1000 piecescm 2 . 

The relation between the wave mark density 
and the percent non-defective of oxide film dielec- 
so trie breakdown strength taken with respect to the 
silicon wafers of the Comparative Example is 
shown in FIG. 6. The distribution of circles (Prior 
Art) shown in FIG. 6 indicates that those silicon 
wafers having a high wave mark density such as 
55 1000 pieces cm 2 have a percent non-defective of 
oxide film dielectric breakdown strength nearly 
equal to 40%. The silicon wafers having a wave 
mark density of about 200 pieces/cm 2 have a per- 
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cent non -defective of oxide film dielectric break- 
down strength approximately equal to 80%. 

The relation between the crystal growth rate 
and the percent non-defective of oxide film dielec- 
tnc breakdown strength of the silicon wafers ac- 
cording to the Comparative Example is shown in 
FIG. 7. As appears clear from the distribution of 
circles (Prior Art) shown in FIG 7. the percent non- 
defective of oxide film dielectric breakdown 
strength is 80% when the crystal growth rate is 
relatively low such as 0.4 mm- mm. At a crystal 
growth rate exceeding 0.8 mm. mm, the percent 
non-defective of oxide film dielectric breakdown 
strength is reduced to about 50%. This means that 
in the case of the conventional CZ method, a low 
crystal growth rate is an essential condition in order 
to produce a silicon single crystal having an ex- 
cellent oxide film dielectric breakdown strength. 
The low crystal growth rate, however, results m a 
considerable reduction in productivity of the silicon 
single crystal and hence is not practically useful. 

Experiment 



The Comparative Example described above 
suggests that a reduction in defect density of the 
silicon single crystal brings about a substantial 
improvement in oxide film dielectric breakdown 
strength of the silicon wafers. 

An experiment was made to determine the 
relation between the wave mark density and the 
heat treatment temperature when silicon wafers of 
about 1000 pieces. cm : in wave mark density were 
subjected to a heat treatment. As shown in FIG. 9, 
a heat treatment effected at 1100 # C for 2 hours 
provides only a negligible reduction in wave mark 
density (defect density). As against this, sharp re- 
ductions in wave mark density are attainable when 
the heat treatment is effected at temperatures 
above 1 150* for 2 hours. 

These experimental results have led the 
present inventors to an inventive idea that a grown 
silicon single crystal having a longer thermal his- 
tory in the temperature range above 1 1 50 * C has a 
considerably reduced amount of defects and an 
excellent oxide film dielectric breakdown strength. 

Inventive Example 

A silicon single crystal grown by the CZ meth- 
od was produced under the same conditions as the 
Comparative Example with the exception that the 
conventional CZ equipment was replaced by the 
apparatus of the present invention described 
above. A measurement was made in the same 
manner as the Comparative Example for determin- 
ing the temperature distribution of a portion of the 
silicon single crystal disposed above the melt sur- 



face. The results obtained are shown in FIG. 4. As 
is apparent from the phantom line (Present Inven- 
tion) shown in FIG. 4. a portion of the silicon single 
crystal in the temperature range of from 1 1 50 to 

5 1420* C (i.e.. the melting point of silicon) had a 
length of 385 mm. Using the same CZ apparatus, 
two samples of silicon single crystal were pulled at 
different rates 0.9 mm mm and 1.2 mm mm, re- 
spectively These samples were processed into 

w 600 - 700 um thickness silicon wafers by effecting 
the same machining processes and chemical 
polishing as done in the Comparative Example and 
also m the fabrication of commercial silicon wafers. 
The defect density and oxide film dielectric 

75 breakdown strength of the fabricated silicon wafers 
were inspected in conjunction with the crystal 
growth rate (pulling rate) The results obtained are 
snown m FIGS. 5 through 7 

As indicated by triangles (Present Invention) 

20 shown in FIG 5. the wave mark density observed 
at the crystal growth rate of 12 mm mm is 100 
piecescm 2 wnich is smaller by one digit than the 
wave mark density of Comparative Example (Prior 
Art). An additional reduction in wave mark density 

25 (20 pieces cm ; ) is obtained when the crystal 
growth rate «s 0.9 mm<min. 

Two triangles shown in FIG. 6 indicate that the 
silicon wafers according to the Inventive Example 
have a wave mark density smaller than 100 

30 piecesxm 2 and a percent non-defective of oxide 
film dielectric breakdown strength equal to 80%. 

As shown in FIG. 7. the percent non-defective 
of oxide film dielectric breakdown strength of the 
Inventive Example (Present Invention) is not small- 

js er than 80% irrespective of the crystal growth rate. 
A comparison made with respect to the same cry- 
stal growth rate 1.2 mm mm indicates that the 
Inventive Example (having a longer thermal history 
in the temperature range above 1150') has an 

40 oxide film dielectric breakdown strength which is 
twice as large as that of the Comparative Example 
(having a shorter thermal history in the temperature 
range above 1 150* C). 

As is obvious from the foregoing description, 

45 according to the method of this invention, a silicon 
single crystal having an excellent oxide film dielec- 
tric breakdown strength can be produced stably 
with high yield and high productivity. 

obviously, various modifications and variations 

so of the present invention are possible in the light of 
the above teaching. It is therefore to be understood 
that within the scope of the appended claims the 
invention may be practiced otherwise than as spe- 
cifically described. 

55 

Claims 

1. A method of producing a silicon single crystal 



9 



EP 0 504 837 A2 



10 



grown by Czochralski method, characterized 

by: 

setting pulling conditions such that at least 
a portion of a growing silicon single crystal 
(28) having a temperature in excess of 11 50 * C 5 
is spaced upwardly from the surface of silicon 
melt (14) by a distance greater than 280 mm, 
and 

pulling the growing silicon single crystal 
(28) upward while maintaining said pulling con- ro 
ditions. 

A method according to claim 1. wherein the 
growing silicon single crystal (28) is pulled at a 
pulling rate in the range of 0 8 - 2 mm mm. /5 

An apparatus for carrying out the method of 
claim 1. including: a mam chamber <6) having 
a side wall (6a) ana an upper wan (6b) dis- 
posed on an upper end of said side wall <'6a). 20 
said upper wall (6b) having an open central 
portion extending upwardly so as :o fcrm a 
neck portion (4) at an upper end cf said mam 
chamber (6); a quartz crucible (12) disposed m 
said mam chamber (6). with a heate' (161 and 25 
a thermal shield (18) disposed between said 
quart2 crucible (12) and said side wall (6a) cf 
said main chamber (6) in the order named: and 
a gate valve (8). a pull chamber anc a crystal 
lift mechanism that are disposed acove saic 30 
neck portion (4) of said mam chamcer (6» m 
the order named for pulling a growing silicon 
single crystal (28) upward from a Silicon melt 
(14) retained m said quartz crucible »12). char- 
acterized m that a heat insulator (20) is dis- 35 
posed in said main chamber (6) fcr keeping 
the temperature of an upper part of a hot zone 
(H) defined by and between an upcer pcrt;cn 
of said side wall (6a) and said upper wall (6bv 

An apparatus for carrying out the method of 
claim 1, including: a main chamber .6) having 
a side wall (6a) and an upper wail (6b) dis- 
posed on an upper end of said side wall .'6a>. 
said upper wall (6b) having an open central 45 
portion extending upwardly so as to form a 
neck portion (4) at an upper end of said mam 
chamber (6): a quartz crucible (12) disposed in 
said mam chamber (6), with a heater (16) and 
a thermal shield (18) disposed between said so 
quartz crucible (12) and said side wall (6a) of 
said main chamber (6) in the order named; and 
a gate valve (8). a pull chamber and a crystal 
lift mechanism that are disposed above said 
neck portion (4) of said mam chamber (6) in 55 
the order named for pulling a grcw.ng sii.con 
single crystal (28) upward from a silicon melt 
(14) retained in said quartz crucible (12), char- 



acterized m that a lower end of said neck 
portion (4) and an upper end (18a) of said 
thermal shield (18) are connected by a heat 
insulator (30). 

5. An apparatus according to claim 3 or 4. 
wherein sajd heat insulator (30) has a dome- 
like shape 

6. An apparatus according to any one of the 
preceding ciajms 3 * 5. wherein said heat 
insulator (30) has a composite structure com- 
posed of a graphite (32) and a heat-insulating 
material (34). said graphite (32) forming an 
inner lining of said heat-insulating material 
(34). 

7. An apparatus for carrying out the method of 
claim 1. including: a mam chamber (6) having 
a side wall (6a) and an upper wall (6b) dis- 
posed on an upper end of said side wall (6a). 
said upper wall (6b) having an open central 
portion extending upwardly so as to form a 
neck portion (4) at an upper end of said mam 
chamber (6), a quartz crucible (12) disposed in 
said main chamber (6), with a heater (16) and 
a thermal shield (18) disposed between said 
quartz crucible (12) and said side wall (6a) of 
said mam chamber (6) m the order named: and 
a gate valve (8). a pull chamber and a crystal 
lift mechanism that are disposed above said 
neck portion (4) of said mam chamber (6) m 
the order named for pulling a growing silicon 
single crystal (28) upward from a silicon melt 
(14) retained m said quartz crucible (12). char- 
acterized m that a second heater (38) is dis- 
posed above said first heater (16) for heating 
the growing silicon single crystal (28). 

8. An apparatus according to any one of the 
preceding claims 3 - 7. further including a 
purge tube (40) depending from a lower end of 
the neck portion (6) for increasing the tempera- 
ture gradient of only a portion of the growing 
silicon single crystal (28) located near said 
silicon melt surface. 
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